ABSTRACT Ovipositional preference based on leaf age, height, surface orientation, and the presence of insecticidal residues was determined for Bemisia argentifolii Bellows & Perring, formerly B. tabaci (Gennadius), biotype B. Two-leaflet simulated plants were used to study the effects of leaf age, height, and surface orientation in choice and no-choice tests. Whiteflies preferred young leaves to old leaves for oviposition, although this preference was overridden by reversing normal leaf position, that is, placing old leaves high and young leaves low. Preference for the abaxial leaf surface was not increased by reversing orientation, although oviposition on the adaxial surface was increased by this procedure. The effects of insecticide residues on oviposition were studied by exposing whiteflies to individual insecticide-treated tomato leaves. Interactions among leaf ages, leaf heights, and insecticide residues were shldied on simulated plants and individual leaves. The fewest eggs were found on young leaves treated with mineral oil, followed by pyrethroid, insecticidal soap, and sucrose and glucose esters in choice and no-choice tests. The effects of leaf age and leaf height were overridden by repellency to residues of bifenthrin and mineral oil. Repellency to residues might be used to improve the efficacy of insecticides by manipulating whitefly distribution within the canopy.
THE SILVERLEAF \VHITEFLy 1 , Bemisia argentifalii Bellows & Perring, formerly known as sweetpotato whitefly, B. tabaci (Gennadius) strain B (Bellows et al. 1994) , is a serious insect pest of many crops throughout the tropics and subtropics. Frequent use of insecticides for whitefly control has raised health and environmental concerns and has produced resistant whitefly populations (Prabhaker et al. 1985, Stansly and Schuster 1992) . Insecticides with new modes of action, targeted to specific pest populations, may reduce insecticide resistance selection. Although surfactants and oils are alternatives to broad-spectrum insecticides, their activity is dependant on direct contact with the target organisms. Adequate coverage at sites where whiteflies concentrate is required for good efficacy, in part, because all stages of whitefly predominate on abaxial leaf surfaces and older stages in the dense lower canopy. Therefore, oviposition behavior, along with plant growth characteristics, determine whitefly distribution on the plant and must be understood and possibly manipulated to successfully target insecticide sprays.
Van Lenteren and Noldus (1990) reviewed the literature on the oviposition site selection in whiteflies including B. tabaci and Trialeurodes vapara-'This name is not currentlyamongthe commonnames of insects and related organismsapprovedfor use by the ESA Committee on CommonNamesof Insects. riarum (Westwood), concluding that adults preferred specific host plants in a mixture of plant species, and preferred certain leaves for feeding and oviposition within a plant. Khalifa and ElKhidir (1964) , Avidov (1956) , Avidov and Harpaz (1969) , Gameel (1974) , and Ohnesorge et al. (1980) reported that leaf age is an important factor influencing B. tabaci densities within a plant, and that females prefer young leaves for oviposition. On hairy plant species, however, whitefly adults refrain from ovipositing on very young leaves (Mound 1965) . Also, eggs are laid predominantly on the underside of leaves on most crop plants (Mound 1965 , Ohnesorge et al. 1980 , Liu et al. 1993 . In their study of whiteflies on peanuts, Arachis hypagaea L., Lynch and Simmons (1993) found that eggs were laid on both adaxial and abaxial surfaces, and the relative numbers of whiteflies on adaxial versus abaxial surface varied over time. Simmons (1994) studied the leaf surface preference for oviposition on 10 species of vegetables under field and greenhouse conditions. In laboratory choice tests, B. tabaci oviposited on the abaxial surface with the exception of cowpea, on which more eggs were found on the adaxial surface. Simmons also found that leaf surface preference for vegetable crops was reduced in the laboratory choice test, and that gravity was a determining factor for oviposition.
These studies did not examine interactions among factors such as leaf age, height, and surface orientation, nor the effects of insecticide residues. Therefore, we investigated the relative importance of these factors on the oviposition behavior of B. argentifolii.
Materials and Methods
Whiteflies and Plants. B. argentifolii used in this study were obtained from D. J. Schuster (Bradenton, FL) in 1990 and identified by T. Perring (University of California, Riverside, CA). The culture was maintained in an air-conditioned greenhouse on potted tomato, Lycopersicum esclllclltllm Miller 'Lanai' (1 plant per 15-cm pot), using Metro-Mix 300 growing medium (Grace Sierra, Horticultural Products, Milpitas, CA). Plants were fertilized with a slow release fertilizer (N:P: K, 12:8:6) (Diamond R Fertilizer, Winter Garden, Fl.).
Three types of cages were used in these tests: large polyethylene cages, large screened cages, and small cup cages. Clear polyethylene cages (60 by 60 by 80 cm) with screened openings (5-or 10-cm diameter) on sides and top were used for leaf age, Iwight, and surface orientation tests. For insecticide residue choice tests, cages were metal frames (60 by 60 by 60 cm) with 2 sides screened, and the remaining sides and the top covered with clear polyvinyl film. For insecticide residue no-choice tests, a 0.9-liter clear plastic cup cage was used with a 9-cm top covered with screen (60 mesh) and provided with a 1.2-cm access hole on the side wall. All greenhouse tests were conducted on beuches (70 cm high) at 23 :!:: 5°C and 75-99% RH, and were repeated 3 times with 8 replicates in each trial. The greenhouse tests were conducted with an average photoperiod of 11.5-12.1:11.9-12.5 (L:D) h in March and April 1994. Light inte.ns.itiesmeasured as photosynthetically .ac~ve radIation were 1,200-1,550 J.Lmol m-2 s-1 mSlde the cages in the greenhouse at noon, and 39-44 J.Lmol m'2 s-1 inside the cages in the insectary (Ll-COR, Steady State Porometer, Model Ll-1600, Lincoln, NE).
Leaf Age and Height. Fully expanded young leaves from the uppermost canopy and old, but still fresh, leaves from the lower canopy of tomato plants (""60 cm high) were collected. The petiole of each leaAet was inserted singly into 20-ml glass vials filled with purified water (reverse osmosis, 7 ppm solids). Two vials with leaves were taped on a bamboo stake (60 cm high), 1 vial 20 cm above the soil surface and the other 60 cm above the soil surface. Bamboo stakes with the attached vials and leaves were inserted individually into soil-filled plastic pots to simulate an upright plant. Twenty such simulated plants were arranged randomly in a cage. Four hundred unsexed adult whiteAies (10 per leaflet) were introduced into the cage, and the number of eggs on each leaflet was recorded after 24 h. Leaf area of each leaflet was measured using a portable leaf area meter (Model Li-3000A, LiCor).
Leaves of Same Age at Different Heights. Two trials were conducted in 2 separate screened cages to give whiteflies a choice of 2 leaves of the same age, at a high (60 cm) or low (20 cm) position. One cage contained 40 young leaves, 20 at each level. The 2nd cage contained 40 old leaves, 20 at each level.
Leaves of Different Ages at Different Heights.
Three trials were conducted in separate large cages to allow whiteflies a choice between young or old leaves at 2 different heights on the simulated plants. Each trial used 2 cages that contained 20 simulated plants with 40 leaves, 20 at the high position (60 cm) and 20 at the low position (20 cm). In trial I, the 1st cage contained 40 young leaves, and the 2nd cage contained 40 old leaves. In trial 2, the 1st cage contained 20 young leaves at the high position and 20 old leaves at the low position. The 2nd cage contained 20 young leaves at the low position, and 20 old leaves at high position. Trial 3 offered all choices of leaf height and leaf age by combining the 2 trials above with 40 simulated plants (40 young and 40 old leaves). All these plants were divided evenly between 2 cages, and were arranged randomly.
Leaf Surface and Orientation. The petiole of each tomato leaflet collected from the upper canopy was inserted into a 20-ml glass vial filled with purified water attached to the top of a bamboo stake 60 cm above the soil surface to simulate a plant. The simulated plants were placed in soilfilled plastic pots as previously described. Effects of leaf surface and orientation on whitefly oviposition was evaluated with leaves in 1 of 3 possible arrangements in 3 separate cages. For trial 1, all leaves (20) on the simulated plants were placed with abaxial surface facing downward. For trial 2, all leaves (20) on the simulated plants were placed with abaxial surface facing upward. For trial 3, leaves (20) on the simulated plants were placed with abaxial surface facing upward and 20 leaves with abaxial surface facing downward. All 20 simulated plants in this trial were arranged randomly and placed evenly in 2 cages. Adult whiteflies (10 per leaflet) were introduced into the cages, and the number of eggs on each leaf surface was recorded after 24 h. Leaf area of each leaflet was measured as before.
Insecticide Residues. Three biorational insecticides were tested: M-Pede (an insecticidal soap with 49% potassium salt of a naturally derived fatty acid) (Mycogen, San Diego, CA), Sunspray UltraFine Spray Oil (Safer, Newton, MA), and a mixture of acylsugars (sucrose and glucose esters) extracted from Nicotiana gossei obtained from the USDA-ARS, Phytochemistry Research (Athens, GA). A pyrethroid, bifenthrin (Brigade 10 WP [wettable powder]) (FMC, Middleport, NY), and a control of purified tap water (7 ppm dissolved solids) was JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 88, no. 4 Number of eggs/em 2 sition were ""10-fold greater than at the 20 em (low) position (F = 42.5; df = 3, 76; P = 0.0001) (Fig. lA) . On old leaves at the high position, there were ""3-fold more eggs deposited than at the low position.
Leaves at Different Ages and Heights. Eggs on young leaves at the high position were 7-fold more abundant than on old leaves at the low position (F = 14.9; df = 3, 36; P = 0.001) (Fig. lB) . Old leaves at the high position had >3-fold more eggs than young leaves in the low position. When whiteflies had simultaneous access to both young and old leaves at both positions, most eggs were fOlllld at the higher position regardless of\eaf age (F = 16.4; df = 3, 76; P = 0.001) (Fig. lC) . However, young leaves received more eggs than old leaves when at the same position. Thus, whitefly preference to oviposit on young leaves was secondary to the preference for the high position.
Leaf Surface and Orientation. Most eggs were found on the abaxial surface, both in normal orientation (89.1%) (abaxial down, trial 1) (F = 29.3; df = 1, 38; P = 0.001) and reverse orientation (79.6%) (abaxial up, trial 2) (F = 15.0; df = 1, 38; Numbers of eggs on young leaves at the high poalso tested. All dilutions of these insecticides were prepared as described in Liu and Stansly (1995) .
No-Choice Tests. Uniform-aged tomato leaves (trifoliate) were detached from the plant and dipped in the appropriate dilutions of insecticide for 5 s. Leaves were drained on paper towels and air dried on a laboratory bench for 2, 24, or 72 h before being placed with each petiole down into a 20-ml glass vial filled with purified water. Vials were secured with double-sided adhesive tape to the center of the bottom of a cup cage, and 15 unsexed adult whiteflies were introduced into the cup cage. The number of whitefly eggs laid on the adaxial and abaxial surfaces of the leaflet was recorded after 24 h. There were 3 trials with 8 replicates per trial.
Choice Tests. Twenty-five leaves were treated with 1 of 5 rates of each of the 4 insecticides and water as a control. Treated leaves were placed individually with petiole down in 20-ml glass vials filled with purified water, and air dried for 24 h. The vials were arranged in a 5 X 5 Latin-square design on a plastic tray inside a large cage. Unsexed adult whiteflies (15 per leaflet) were introduced into the cages, and the numbers of eggs laid on the leaves were recorded after 24 h. All tests were conducted in the insectary at 23 ± 2°C, 65 ± 5% RH, and a photoperiod of 14:10 (L:D) h. There were 3 trials with 8 replicates per trial.
Rate-Choice Tests. Each insecticide was tested separately with leaves treated as above. Treated leaves were placed on a plastic tray in a large cage and arranged in a 6 X 6 Latin square design. Fifteen unsexed whiteflies per leaflet were introduced into the cage, and numbers of eggs laid on the leaves were recorded after 24 h.
Leaf Age, Height, and Insecticide Residue Interactions. Leaflets from 64 young (the 3rd leaf from the top) and 64 old leaves (the 7-9th leaf from top) were treated with water (control) or 1 of 3 insecticides (bifenthrin, Sunspray oil, and MPede) at the labeled field rate. When spray was dry, an equal number (16) of treated young and old leaves were placed at high (60 em) or low (20 em) position on a simulated plant in 2 large cages as described above. Ten unsexed whiteflies per leaflet were introduced into the cages, and the number of eggs on each leaflet was recorded after 24 h. There were 3 trials with 4 replicates per trial.
Data Analysis. The number of whitefly eggs in each experiment was analyzed using analyses of variance (ANOYA) (SAS Institute 1988) , and following a significant F test (P < 0.05), the means were separated using the least significant difference (LSD) test. Triall. leaf surfact's in normal orientation (abaxial surface facing downward; trial 2, leaf surfaces in reverse orientation. Trial 3, choices between abaxial or adaxial surfaces in normal or reverse surface orientation. P = 0.004) (Fig. 2) . However, there were more eMs on the adaxial surface when facing down (20.4%) than when facing up (10.9%). When whitt'f1it'swt'rt' given a choice (trial 3), the abaxial surfact's facing upward were preferred for oviposition (77.8%) instead of adaxial surfaces in either orit'ntation (6.5 and 22.2%, respectively) (F = 12.7; df = 3, 76; P = 0.0001). However, abaxial surfact's received more eggs when facing downward (93.5%) than when facing upward (77.8%).
Insecticidal Residues. No-Choice Test. Leaves treated with the highest rate of bifenthrin and exrost'd to whiteflies in cup cages had significantly fewer ('ggs than leaves treated with the 2 lower rates over all 3 residue ages of 2, 24, and 72 h (Table 1) . Leaves with 72-h residues had more eggs than leaves with 2-and 24-h residue. Leaves tn'ated with Sunspray oil had few eggs, especially Leaf surafce • Adaxial
• Abaxial those with 2-h residues. M-Pede and N. gossei extract had little effect on oviposition. Two-and 24-h residues of M-Pede had fewer eggs than 72-h residue, but only 2-h residues of N. gossei extract reduced oviposition compared with water.
Choice Tests. Whiteflies generally avoided leaves treated with insecticides except at the lowest rates ( Table 2) . Leaves of all insecticide treatments at the highest rate had fewer eggs than water-treated leaves; Sunspray oil treated leaves had the fewest eggs. At the next 2 highest rates, the fewest eggs were found on leaves treated with bifenthrin and Sunspray oil, followed by N. gossei extract and MPede, respectively. There was less oviposition on leaves treated with insecticide at the 2nd lowest rate than the control, whereas at the lowest rate, only Sunspray oil-treated leaves had fewer eggs than the water treatment.
Choice Between Rates of the Same Insecticide. Oviposition on leaves treated with bifenthrin and Sunspray oil was not significantlydjfferent over the 5 rates (Table 3) . By contrast, oviposition on the leaves treated with the lowest rates of M-Pede and N. gossei extract was not significantly different from water-treated leaves. Regression analysis showed that oviposition and insecticide rates had a linear relationship for the treatments of Sunspray oil (R2 = 0.81) and M-Pede (R2 = 0.66), but not for other treatments.
Leaf Age, Height, and Insecticide Interactions. Among all insecticide treatments, leaves treated with bifenthrin and Sunspray oil were not significantly different and received the fewest eggs (Table 4). Oviposition in the preferred high position was less on young leaves treated with bifenthrin (0.39 ± 0.46) or Sunspray oil (0.17 ± 0.37) than untreated old leaves in the lower position. Therefore, repellency to bifenthrin and Sunspray oil overrode whitefly oviposition rreferences for young leaves and for the high lea position. There Mt'an numl1t'r of t'~s followed by the same letters in the same column are not signiAcantly different (P > 0.05, LSD [SAS Institute 1988] ). 0.50, 0.25, 0.125, and 0.00% (vol:vol); 8.0, 4.0, 2.0, 1.0, and 0.5% (vol:vol) ; N. gossei extract, 10, 8, 4, 2, and 1 g (AI)/liter.
were fewer eggs on young leaves at both high and low positions treated with M-Pede compared with water, However, numbers of eggs on M-pede and water-treated old leaves at the high position were not significantly different,
Discussion
We saw a hierarchy in oviposition preferences among leaf characteristics such as surface, orientation, height and age, The preference for young leaves was stronger than for upper leaves, and preference for the downward orientation was stronger than for the adaxial verses the abaxial leaf surface. Furthermore, repellency of insecticide residues to B, argentifolii, particularly of bifenthrin and mineral oil (Liu and Stansly 1995) , overrode all of these oviposition preferences, Thorough spray coverage is usually easiest to obtain in the relatively sparse, preferred upper canopy of tomato plants, which is also the preferred site for oviposition. Application of bifenthrin or mineral oil may force whiteflies to oviposit in the less preferred lower canopy, possibly reducing survivorship and reproductive capacity because of poor food quality, However, whiteflies driven to the dense lower canopy will have reduced their exposure and that of their progeny to subsequent sprays. Perhaps a better application strategy would be to direct successive insecticide sprays alternately to the upper and lower canopy. In this manner, subsequent sprays would be directed toward that part of the canopy to which whiteflies had been moved by the previous spray. By choosing an appropriate interval for egg eclosion, susceptible young instars could be targeted by this practice.
Unfortunately, the tendency of most spray systems to favor the upward-facing adaxial leaf surface only serves to reinforce strong preferences for the downward-facing abaxial surface, Our results indicate that efforts to increase coverage of the lower surface will likely increase contact of susceptible stages with insecticides, as well as force whiteflies to oviposit in less preferred locations on the plant. 1.76 ± 1.67a** 2.59 ± 1.27a** 0.10 ± 0.14e 0.02 ± 0.05e 0.67 ± 0.65b* 1.22 ± 0.65a* 0.04 ± O.lIe 0.07 ± 0.14e 0.55 ± 0.50h** 0.95 ± 0.42a** Mpan nlllllht'r of t'ggs followt'd by different letters in the same column, or an * between young leaflets at different levels or ** Ilt'twpt'n old leaflpts ut diffprent levels were significantly different (P < 0.05. LSD [SAS Institute 1988] ).
